Accumulating evidence suggests an association between insulin sensitivity and albuminuria, which, even in the normal range, is a risk factor for cardiovascular diseases. We evaluated whether insulin sensitivity is associated with albuminuria in healthy subjects.
While experimental data suggest reciprocal influences of albuminuria and insulin resistance, several clinical studies support the concept that insulin resistance might precede or contribute to the development of microalbuminuria (7) (8) (9) (10) (11) (12) (13) . In fact, insulin signaling in podocytes seems to be important for their function to maintain the integrity of the glomerular filtration barrier (10) (11) (12) (13) . This is in line with experimental data suggesting that insulin resistance and hyperglycemia contribute to malfunction and loss of podocytes, which are considered initial steps in the development of diabetic nephropathy and albuminuria (10) (11) (12) (13) . Clinical studies addressing this issue were mainly performed in diabetic patients and have largely, but not consistently, confirmed an association between insulin resistance and microalbuminuria in this setting (10) (11) (12) (13) (14) (15) (16) (17) (18) . Data in nondiabetic populations are sparse and show conflicting results (19) (20) (21) (22) . Among these, large studies in general populations are restricted to cross-sectional analyses and reported either a positive association of indirect measures of insulin resistance and microalbuminuria or no significant association (19, 20) . A prospective study on the relationship between insulin sensitivity and albuminuria in healthy individuals with insulin sensitivity assessed according to the gold standard hyperinsulinemic-euglycemic clamp is, however, still missing. Such data are of interest because large meta-analyses indicate that even high normal albuminuria is associated with fatal events (2) . We therefore aimed to evaluate the crosssectional and prospective association of insulin sensitivity and albuminuria in the European Relationship between Insulin Sensitivity and Cardiovascular Disease (RISC) study (23) .
RESEARCH DESIGN AND METHODS
The rationale and design of the RISC study have been described previously (23) . In brief, clinically healthy study participants aged 30 to 60 years were recruited from 19 study centers in 14 European countries. Exclusion criteria included prevalent cardiovascular disease and treatment for obesity, arterial hypertension, lipid disorders, or diabetes. Further exclusion criteria were systolic/ diastolic blood pressure $140/90 mmHg, fasting plasma glucose $7.0 mmol/L, 2-h plasma glucose $11.1 mmol/L, total cholesterol $7.8 mmol/L, or triglycerides $4.6 mmol/L. Using a standardized protocol, the baseline assessments included anthropometric and blood pressure measurement, resting electrocardiogram, collection of spot urine samples, fasting blood sampling, oral glucose tolerance test (OGTT), hyperinsulinemic-euglycemic clamp, ultrasound measurement of carotid intima-media thickness (IMT), lifestyle and medical history questionnaires, and assessment of physical activity by the use of an accelerometer. Except for the hyperinsulinemic-euglycemic clamp and the accelerometer monitoring, these examinations as well as most baseline laboratory measurements were repeated after a 3-year follow-up period. In total, more than 1,500 study participants were examined at baseline. Data on urinary albumin-to-creatinine ratio (UACR) were available in 1,415 of these study participants who were thus included in the present work. Follow-up analyses were performed in a subgroup of 852 subjects with available UACR data at the 3-year follow-up examination.
The RISC study complies with the Declaration of Helsinki, and ethical approval was obtained by the local ethics committees. All participants gave written informed consent prior to study inclusion.
Laboratory Measurements
Laboratory measurements have been previously described in detail and were performed centrally (23) (24) (25) (26) . Early morning spot urine samples were obtained for measurements of the UACR. UACR was determined on two separate days, and the mean was recorded. Urine albumin was analyzed by using microalbumin antiserum for Beckman Array systems on a Beckman Array 360 protein analyzer. When albuminuria was under the detection limit of the assay (2 mg/L), the value was set to zero. The interassay coefficient of variation was 5.0%. Urine creatinine was measured by using the Jaffé creatinine reagent (Roche) on a modular P system (Roche) with an interassay coefficient of variation ,2.0%. Albuminuria was classified according to UACR (in milligrams per gram) into optimal (#5), intermediate normal (.5.0 to 9.9), high normal (10.0 to 29.9), microalbuminuria (30 to 300), and macroalbuminuria (.300; to convert milligrams per gram to milligrams per millimole, multiply by 0.113). This classification is based on previous surveys, including large metaanalyses showing that UACR, even within the normal range, is gradually associated with increased mortality and cardiovascular disease risk (2, 27) .
Estimates of Insulin Sensitivity
A 2-h hyperinsulinemic-euglycemic clamp was performed to directly assess insulin sensitivity. The basic concept of this technique is that, in the hyperinsulinemic state, hepatic glucose production is suppressed so that the glucose infusion rate should be equal to the glucose disposal rate (i.e., the M value) (28, 29) . Under a continuous insulin infusion rate of 240 pmol/min/m 2 , a variable dextrose infusion was adjusted every 5 to 10 min to maintain a target plasma glucose concentration between 4.5 and 5.5 mmol/L. Stable isotope glucose tracer was infused to allow estimation of basal and end of clamp hepatic glucose production. The M value was averaged over the last 40 min of the clamp and normalized by the fat-free mass (28, 29) . Insulin sensitivity was assessed as the ratio of this M value to the mean plasma insulin concentration during the final 40 min of the clamp (M/I) (28, 29) .
OGTT-based insulin sensitivity (OGIS) was calculated as described by Mari et al. (30) . This is an indirect measurement of insulin sensitivity, and it is an estimate of the glucose clearance during the hyperinsulinemic-euglycemic clamp (30) . The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as fasting glucose (millimoles per liter) 3 fasting insulin (milliunits per liter) divided by 22.5. This surrogate index of insulin resistance reflects primarily hepatic insulin sensitivity/ resistance, while the M/I value is a direct measure of whole body glucose disposal under conditions of a hyperinsulinemic state, with subsequently suppressed hepatic glucose production (28, 29) .
Statistical Analysis
Clinical and biochemical characteristics at baseline and at follow-up are presented according to the following UACR categories: #5, .5 to 9.9, 10 to 29.9, and $30 mg/g. Depending on the distribution of continuous variables, data are either presented as means with SD (normally distributed variables) or as medians with interquartile ranges (skewed variables). Categorical data are presented as percentages. Variables following a non-normal distribution were log(e) transformed before use in parametric statistical analyses. Group differences were analyzed by either ANOVA (with P for trend) or x 2 test (with P for linear by linear trend), and Fisher exact test was used for cases when the number of observations within one cell was below five. These analyses were performed at both study visits to evaluate whether associations between UACR and cardiovascular risk factors are modified due to changing cardiovascular risk patterns from baseline to the 3-year follow-up examination.
Univariate and multiple linear regression analyses were performed to evaluate associations of baseline measures of insulin sensitivity (explanatory variable) with UACR at the 3-year follow-up examination. These analyses were cumulatively adjusted for baseline variables as indicated, including potential confounders or mediating variables. Similar linear regression analyses were performed to assess cross-sectional associations of estimates of insulin sensitivity with UACR at baseline and at follow-up. Statistical analyses were performed by SPSS (version 20.0). A P value below 0.05 was considered statistically significant.
RESULTS
UACR measurements were available in 1,415 participants at baseline (mean age 43.9 6 8.3 years; 54.3% women) and in 852 participants at the 3-year follow-up examination (mean age 45.2 6 8.2 years; 55.6% women; 60% of the initial study cohort). There were no significant differences in clinical and laboratory characteristics between study participants with and without follow-up examinations (data not shown).
Study participant characteristics according to UACR categories are shown in Table 1 for the baseline examination. Among measures of insulin sensitivity/resistance there was a significant association of OGIS with UACR categories, but there was no significant association with M/I or HOMA-IR (see Table 1 ). In multivariate linear regression analyses adjusted for age, sex, study center, active smokers, high-sensitivity C-reactive protein (hs-CRP), systolic blood pressure, triglycerides, LDL and HDL cholesterol, waist circumference, adiponectin, and carotid IMT, there were no significant associations of any measure of insulin sensitivity Restricting this baseline analysis to study participants with available follow-up values for UACR (n = 852) also revealed, in multivariate analyses, no significant association of any measure of insulin sensitivity with UACR (data not shown). Data for the 3-year follow-up examination were also stratified according to UACR categories and are shown in Table 2. There were only nine participants (1.1%) with UACR $30 mg/g, including one with macroalbuminuria. Blood pressure and carotid IMT were significantly increased at higher UACR categories, whereas heart rate was slightly decreased (see Table 2 ). Use of antihypertensive drugs at follow-up was reported in only 4% of the population, with the highest prevalence in those with microalbuminuria. There was, however, no significant association of UACR categories with HOMA-IR or OGIS (see Table 2 ). In linear regression analyses adjusted for age, sex, study center, active smokers, systolic blood pressure, triglycerides, LDL and HDL cholesterol, waist circumference, and carotid IMT, the b-coefficients for an association with UACR (dependent variable) were 0.04 (P = 0.428) for OGIS and 20.02 (P = 0.631) for HOMA-IR.
Linear regression analyses on the association of baseline measures of insulin sensitivity and follow-up UACR are shown in Table 3 . In these analyses, there was no significant association with OGIS or HOMA-IR, but the M/I value emerged as independently associated with follow-up UACR (see Table  3 ). In a multivariate model including baseline values of M/I, UACR, age, sex, study center, active smokers, hs-CRP, systolic blood pressure, triglycerides, LDL and HDL cholesterol, waist circumference, adiponectin, and carotid IMT as explanatory variables, the significant predictors of follow-up UACR and their b-coefficients were as follows: baseline UACR (b 0.30; P , 0.001), M/I (b 20.14; P = 0.001), systolic blood pressure (b 0.12; P = 0.004), and triglycerides (b 20.09; P = 0.047). Adjusting for or excluding patients on antihypertensive or lipid-lowering drugs at follow-up did not meaningfully change any of our results (data not shown). We included the one patient with macroalbuminuria into our analyses, but sensitivity analyses excluding this patient did not change our findings. When recalculating our cross-sectional and prospective statistical analyses by using the M value instead of the M/I value, we obtained similar results (data not shown), and we observed a highly significant correlation between the M value and the M/I value (Pearson correlation coefficient 0.83; P . 0.001). All of our statistical analyses were materially unchanged when men and women were analyzed separately.
CONCLUSIONS
In the RISC study among healthy middleaged adults, we observed that reduced insulin sensitivity, as determined by a hyperinsulinemic-euglycemic clamp, was associated with a higher risk of albuminuria after 3 years of follow-up. Other measures of insulin sensitivity or insulin resistance (i.e., OGIS and HOMA-IR) were not significantly related to UACR at follow-up. Our work is, to the best of our knowledge, the first study to investigate the relationship between insulin sensitivity, determined by the gold standard clamp method, with prospective changes in albuminuria in a large study cohort. Previous studies on insulin sensitivity and UACR have mainly categorized their study participants according to the presence of microalbuminuria, which is usually defined as an UACR of 30 to 300 mg/g (14-22). Large meta-analyses and prospective studies have, however, questioned the use of these cutoffs and suggest rather a linear relationship of UACR and clinical end points (2, 27, 31, 32) . In this context, it was documented that cardiovascular and mortality risk start to significantly increase at UACR levels as low as ;5 mg/g (27, 32) . It can therefore be concluded that albuminuria, even in the normal range, is independent of known risk factors and in a linear relationship associated with an increased risk of cardiovascular disease and mortality. This was the rationale for our study to explore associations of insulin sensitivity with UACR concentrations that were mainly below the classic cutoff levels for microalbuminuria. While several studies have, by the majority, reported on a significant association of insulin resistance and albuminuria in diabetic patients, this issue has only been rarely addressed in large nondiabetic or population-based cohorts (9-21). Among these studies, cross-sectional analyses of the Insulin Resistance Atherosclerosis Study in 982 nondiabetic individuals aged 40 to 69 years showed that insulin resistance was significantly associated with microalbuminuria (20). By contrast, in the Hoorn study, microalbuminuria was not statistically significantly associated with insulin resistance in 622 participants of this general older population (19) . These inconsistent data on indirect measures of insulin resistance and albuminuria in general populations underline the need for our current investigation. In this context, it should also be stressed that we observed a continuous relationship between albuminuria and insulin sensitivity, suggesting that previous investigations might have been limited by strictly using certain cutoffs for albuminuria.
In our cross-sectional analyses at both the baseline and the follow-up examination, we did not, after adjustment for various covariates, observe any significant association of M/I, OGIS, or HOMA-IR with UACR, but baseline levels of M/I emerged as a strong and independent predictor of follow-up UACR. These data must be interpreted in light of the fact that we investigated a healthy population, which was carefully selected by excluding all individuals with significant cardiovascular risk factors. This, in turn, led to a very low cardiovascular risk pattern, which might have limited the power to detect significant associations of UACR with measures of insulin sensitivity. Furthermore, some expected associations of UACR with cardiovascular risk factors (e.g., blood pressure) at baseline were either missing or showed a U-shaped relationship. This might be a consequence of selection bias, e.g., by excluding hypertensive patients that would have been more prevalent in groups with higher UACR. On the other hand, the nature of our study cohort is also a strength of the current work since we were able to evaluate very early stages of albuminuria in a cohort with a low risk of confounding comorbidities. In this context, the significant association of blood pressure with follow-up UACR in our study is an important confirmation of existing knowledge. The fact that this association of blood pressure and UACR was not apparent at baseline but became significant in our prospective and followup analyses further underlines that our study population is indeed reliable to investigate the initial pathogenesis of albuminuria.
Our finding that low insulin sensitivity, determined by the M/I value, predicts progression of UACR levels may reflect key processes related to the initial pathogenesis of albuminuria. From a pathophysiological point of view, this makes sense because podocytes of the glomerular filtration barrier are insulin-sensitive cells (10) (11) (12) (13) . With reference to this, studies in mice suggest that insulin resistance of podocytes increases their susceptibility to cell death and may thus contribute to early diabetic nephropathy (11, 33) . Various other mechanisms may hypothetically mediate the association of insulin resistance and albuminuria and include, for example, decreased expression of nephrin, which is important for the barrier function of podocytes, increased salt sensitivity, or hyperinsulinemia, which may cause glomerular hyperfiltration and compromised nitric oxide production with endothelial dysfunction (5) (6) (7) (8) (9) (10) (11) (12) (13) . In line with this, it has been shown that thiazolidinediones, which improve insulin sensitivity, also decrease albuminuria (34). Our findings support this notion that improving insulin sensitivity might also reduce or prevent albuminuria, in particular, at very early stages. This is of clinical interest when considering the role of albuminuria as a cardiovascular risk factor that is closely related to endothelial dysfunction and predicts cardiovascular outcome and mortality in diabetic as well as nondiabetic populations (2, 3, 6, 8, 31, 35) . In this context, our work also supports the link between insulin resistance and endothelial dysfunction because previous data suggest that albuminuria may indicate a specific form of endothelial dysfunction (6-9). In general, there exists a reciprocal relationship between insulin resistance and endothelial dysfunction, with our data supporting the notion that insulin resistance precedes and may probably contribute to endothelial dysfunction (9) . On the other hand, we cannot exclude the possibility that both conditions occur simply in parallel as a consequence of similar vascular and metabolic deteriorations or that endothelial dysfunction may itself cause microalbuminuria (6-9). Apart from this, we must note that in contrast to the association of M/I with the progression of albuminuria, there were no significant relationships between baseline OGIS or HOMA-IR and prospective changes in UACR. These inconsistent associations may reflect differences or advantages of the gold standard method for assessment of insulin sensitivity, the hyperinsulinemiceuglycemic clamp technique, in comparison with indirect measures such as OGIS or HOMA-IR (28, 29) . In particular HOMA-IR is considered a poor measure of peripheral insulin sensitivity as shown by Pisprasert et al. (36) .
Our results are limited by the fact that the range of UACR in this initially healthy population was limited and mainly below the range for microalbuminuria. Although there were no meaningful differences between people who participated in the follow-up visit and those who were lost to follow-up (data not shown), we cannot rule out selection bias for our follow-up data. Considering that we studied a healthy cohort, our findings may not be fully generalizable to other populations, including patients with diabetes. Furthermore, our observational study design does not allow drawing definite conclusions regarding causality. Another limitation of our work is the short followup of 3 years in a relatively young population, because a stronger relationship between albuminuria and insulin sensitivity might have emerged after a longer follow-up time. Finally, we cannot rule out residual confounding as well as overadjustments or underadjustments of our multivariate statistical analyses, but we have to note that the association between M/I and follow-up UACR remained materially unchanged throughout all statistical models (see Table 3 ).
In summary, reduced insulin sensitivity, measured by a hyperinsulinemiceuglycemic clamp, predicts follow-up albuminuria in a healthy cohort with UACR mainly below the cutoff for microalbuminuria. These data may suggest that reduced insulin sensitivity is related to the initial pathogenesis of albuminuria. It remains, however, to be clarified whether insulin resistance and albuminuria emerge in parallel as a consequence of a common pathogenic pathway (e.g., endothelial dysfunction) or whether insulin resistance is a causal factor for the pathogenesis of albuminuria. Further studies are therefore needed to confirm our findings and to evaluate whether improving insulin sensitivity impacts on the initiation and progression of albuminuria.
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